The Cu,ZnSODs (Cu,Zn superoxide dismutases) comprise a class of ubiquitous metalloenzymes that catalyse the dismutation of the superoxide radical anion into oxygen and hydrogen peroxide. The dismutation reaction involves two successive encounters of the superoxide anion with a catalytic copper centre hosted by the enzyme at the dead end of a narrow protein channel. Cu,ZnSOD is found in all eukaryotic species as a homodimeric enzyme of approx. 2 × 16 kDa. Cu,ZnSODs are also widely distributed in the prokaryotic phyla, and are found in the periplasmic space of bacterial pathogens, where they are likely to play a defensive role against extracellular oxidative stress, particularly with respect to phagocytic processes. The crystallographic structures of prokaryotic Cu,ZnSODs have shown that the core structural organization of the enzyme is based on a flattened antiparallel β-barrel, composed of eight strands arranged in a Greek-key topological order, which usually forms a dimeric structure through the interaction of residues provided by β-strands 4f and 5e with the 2,3 and 7,8 loops. The interface residues are arranged to form a closed ring, which surrounds a central cavity filled by water molecules that are arranged differently depending on the species. The interface variability of residues and solvent structure observed in bacterial enzymes permits fine tuning of the subunit association that results in the presence of monomeric and dimeric species, and confers a particular protein flexibility that gives rise to long-range communications between different region of the enzyme.
General properties
The Cu,ZnSODs (Cu,Zn superoxide dismutases) comprise a class of ubiquitous metalloenzymes that catalyse the dismutation of the superoxide radical anion into oxygen and hydrogen peroxide [1] , according to the schematic reaction:
The dismutation reaction involves successive encounters of two distinct superoxide anions with the enzyme catalytic centre [in the Cu(II) and Cu(I) oxidation states respectively], which is hosted at the surface of the enzyme Greek-key β-barrel, at the dead end of a narrow protein channel. Cu,ZnSOD is found in all eukaryotic species as a homodimeric enzyme of approx. 2 × 16 kDa that is localized in the cytosol, in the inter-membrane space [2, 3] and in lysosomes [4] , while a different Cu,ZnSOD is found as extracellular form [5] . Cu,ZnSODs are also known to be widely distributed in the prokaryotic phyla. The discovery that Photobacterium leiognathi, the bacterial endosymbiont of the ponyfish, hosts a Cu,ZnSOD [6] has been followed in the last 15 years by the identification of Cu,ZnSODs in several important human and animal pathogenic or endosymbiotic bacteria. It has therefore been proposed that the bacterial enzymes represent a homology subfamily distinct from the eukaryotic Cu,ZnSODs [7, 8] . Indeed, prokaryotic Cu,ZnSODs display structural and functional differences when compared with the eukaryotic enzymes; moreover, they represent an interesting Key words: Cu,Zn superoxide dismutase, metalloenzyme, perfect enzyme, protein flexibility, structure-function relationship, superoxide scavenger.
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example where structure, flexibility and function are strictly correlated.
Structural features
The crystallographic structures of Cu,ZnSODs from P. leiognathi, Escherichia coli, Actinobacillus pleuropneumoniae and Salmonella typhymurium show that the core structural organization of the enzyme is based on a flattened antiparallel β-barrel composed of eight strands arranged in a Greek-key topological order [9] [10] [11] [12] [13] [14] [15] . The β-strands can be divided into two four-stranded β-sheets which face each other, defining the hydrophobic and densely packed core of the barrel. β-Strands are named as follows, starting from the Nterminus: 1a, 2b, 3c, 6d, 5e, 4f, 7g and 8h. Loop regions are named according to their sequential order, but may also take specific function-related (e.g. the electrostatic loop) or structure-related (e.g. the Greek-key loop, the S-S subloop and the Zn-subloop) names. The active-site region, hosting the Cu,Zn ion pair, is located on the outer face of the β-barrel, at the dead end of a surface channel defined by two protein loops (loops IV and VII).
A three-dimensional structural comparison of the subunit fold of prokaryotic and eukaryotic Cu,ZnSODs shows a substantial coincidence of the β-strand regions, in agreement with the lack of residue insertions within these secondary structure elements; in contrast, large structural variations are observed in the loop regions ( Figure 1 ). A major difference is observed in the loop that contains the charged residues that determine the active-centre electrostatic field, which adopt two distinct structural arrangements in prokaryotic and eukaryotic enzymes. The structural arrangement is related This picture was obtained using the program Molscript [33] .
to a four-residue deletion in the electrostatic loop and an eight-residue insertion in the S-S subloop in prokaryotic Cu,ZnSODs with respect to the eukaryotic enzymes. Each of the distinct insertion/deletion patterns is well conserved within the respective eukaryotic or prokaryotic Cu,ZnSOD subfamilies. A few exceptions are however observed, particularly among prokaryota, where shorter S-S-subloop sequences are found. The Cu,ZnSOD from Mycobacterium tuberculosis also has a 19-amino-acid insertion in the electrostatic loop. The eight-residue insertion in the S-S subloop results in an entirely different conformation of the loop, which in this case folds in front of the active site. The amino acid insertion in prokaryotic Cu,ZnSODs contains three charged residues, Lys-53c, Asp-53d and Lys-53f, which are conserved in most bacterial enzymes. In both A. pleuropneumoniae and P. leiognathi Cu,ZnSODs, the loop is involved in crystal contacts [9, 11, 12] , while in the enzyme from E. coli it is not entirely visible in the electron density map [10] . In-line molecular dynamics simulations indicate that this loop is characterized by substantial flexibility [16, 17] . Nevertheless, the three charged residues that occupy the apical portion of the S-S subloop are located roughly in front of the active site, approx. 15 Å from the copper ion, and provide the appropriate field for the attraction of superoxide towards the active site.
Quaternary assembly
The second major difference between eukaryotic and prokaryotic SODs involves their dimeric assembly. All eukaryotic Cu,ZnSOD enzymes described to date display a tight and stable dimeric structure, based on a conserved subunit Figure 2 Interface region of Cu,ZnSOD from P. leiognathi The structure of the protein is indicated by the grey arrows, representing the β-strands, and by the thin wires, representing the random-coil structure and the turns. The spheres represent the copper and zinc ions. The dimeric assembly has a ring shape, formed by three clusters of neighbouring residues represented as ball-and-stick models. The first cluster (light grey) is centred on the side chain of Trp-83 and involves several residues (e.g. Phe-81), the second (mid grey) is formed by Met-41
and Phe-96, and the third (dark grey) is formed by Lys-25, Tyr-26 and Asp-85. This picture was obtained using the program Molscript [33] .
interface contact area (approx. 550 Å 2 ). The subunit interface is formed by 19 residues contributed by β-strands 1a, 2b and 8h, by the S-S subloop, by the Greek-key loop and by the C-terminal region [18] [19] [20] . The quaternary structure assembly achieved by prokaryotic SODs involves different elements and, as shown by the crystal structure of Cu,ZnSOD from P. leiognathi, the subunit association interface is based on 18 residues provided by β-strands 4f and 5e, and by the 2,3 and 7,8 loops [9, 11] . Nevertheless, such an assembly yields a highly symmetrical dimer, whose subunits each contribute 754 Å 2 to the contact surface. The differences between the dimeric assembly of the prokaryotic and eukaryotic enzymes could actually be predicted by inspection of the primary structure, which permits identification of important substitutions, such as the mutation of residue 48 to a polar/ charged residue, a seven-residue insertion at position 54 that is conserved among prokaryota, the deletion of two or three residues in the 106-112 segment, and the deletion of the C-terminal segment following residue 148 (which is polar/ charged in prokayota). Moreover, residues involved in forming the subunit interface are much more variable in prokaryotic SODs, and the enzymes isolated from E. coli and from Brucella abortus are fully stable and active as monomers [21, 22] .
The interface residues of P. leiognathi Cu,ZnSOD are arranged to form a closed ring that surrounds a central solvated cavity [11] . The association of the two subunits is mostly promoted by van der Waals interactions, and by a minor contribution of hydrogen bonds. In particular, three clusters of interface residues appear to be crucial for formation of the dimer (Figure 2 ). The first cluster is centred on the side chain of residue Trp/Tyr-73 which, Figure 3 Overlap of X-ray (dark grey spheres) and molecular dynamics (light grey spheres) water oxygen density peaks in the interface region of the structure of Photobacterium leiognathi Cu,ZnSOD Arrows represent the β-strands, while thin wires represent the randomcoil structure and the turns. This picture was obtained using the program Molscript [33] .
together with the side chain of residue 71, forms a wide hydrophobic inter-subunit contact region of approx. 160 Å 2 . The second cluster is formed by the side chains of residues 40 and 86, which are close to the two-fold axis and form hydrophobic contacts with their symmetry-related mates. The third cluster, formed by residue 24, Tyr-25 and Asp/ Asn-75 from the facing subunit, is characterized by a double intermolecular hydrogen bond. Additional contributions to interface stability are provided by the aliphatic portions of Pro-100 and Arg-101, in hydrophobic interaction with the opposing subunit residues Tyr-25 and Leu-98. The interface cavity is located at the centre of the subunit contact region and hosts buried water molecules, which establish additional hydrogen bonds between the facing residues, suggesting a contribution of the solvent in promoting subunit association. The importance of water in mediating subunit interactions was confirmed by a recent molecular dynamics study that identified the preferential hydration sites around the protein and within the cavity (Figure 3) [23] . A similar quaternary assembly is observed in A. pleuropeumoniae Cu,ZnSOD [12] , while the subunit interface of S. typhimurium SOD displays a large number of residue substitutions which, despite maintaining a stable dimeric structure, modulate subunit recognition interactions in quaternary assembly [14] .
A structural feature common to the prokaryotic Cu,ZnSODs is their loose subunit interface, mediated by a network of trapped water molecules. In S. typhimurium SOD these are located differently compared with the interface water molecules observed in P. leiognathi and A. pleuropeumoniae SODs, which instead share a common interface water molecule network structure. Such fine tuning of the subunit association properties in the different prokaryotic Cu,ZnSODs may influence their functional properties. In fact, S. typhimurium SOD displays one of the highest catalytic rates [13] , and a single mutation at the subunit interface of P. leiognathi has been shown to give rise to a catalytically highly efficient enzyme [24] .
Catalytic mechanism
Cu,ZnSODs are usually described as being 'perfect' enzymes, with a second-order catalytic rate (k cat /K m ) of the order of 10 9 M −1 · s −1 . The dismutation reaction of SOD can be described by the following scheme:
where k 1 is the second-order association rate constant, k −1 is the first-order enzyme-substrate dissociation constant and k 2 is the first-order rate constant for the formation of products. These quantities are related in the Michaelis-Menten model for enzyme kinetics by the following equation:
where k f is the apparent second-order rate constant and K m is the Michaelis-Menten constant.
In the case of eukaryotic Cu,ZnSODs, the catalytic process is diffusion limited, since k 2 k −1 and k f = k 1 , i.e. the diffusion of the substrate towards the active site is the ratelimiting step in the catalytic cycle. In fact, due to electrostatic forces exerted by the protein, diffusion of the substrate towards the active site is faster than its diffusion in bulk water [25] [26] [27] . In this case, in order to increase the catalytic rate, the probability of encounter between the negatively charged substrate and the catalytic site must be increased. This can be achieved either by optimization of the electric field, steering the substrate towards the catalytic channel, or by increasing the dimensions of the channel itself [28] . In the case of prokaryotic SODs, both procedures have been shown to be successful. Enhancement of diffusion of the substrate towards the active site is maintained in the prokaryotic Cu,ZnSODs, despite the modifications in the tertiary and quaternary structures that displace the position of the electrostatic loop as compared with the eukaryotic enzymes [13, 29] . Actually, this displacement increases copper accessibility; the k cat /K m values for Cu,ZnSODs from P. leiognathi and S. typhimurium have been determined to be 8.5 × 10 9 and 1.3 × 10 10 M −1 · s −1 respectively, much higher than those found previously for the eukaryotic enzymes.
Evidence for a substrate electrostatic attraction in prokaryotic Cu,ZnSODs comes from experiments indicating that at, low ionic strength, neutralization of Lys-60 of Cu,ZnSOD from E. coli markedly decreases the catalytic activity of the enzyme (by ∼50%), indicating that this residue plays a primary role in the electrostatic attraction of the substrate, while neutralization of Lys-63 does not influence the catalytic rate significantly [30] . In the case of the enzyme from P. leiognathi, it was possible to engineer a super-efficient enzyme by introducing a Glu-59 → Gln mutation [31] . At neutral pH this mutant was found to have a k cat /K m value of 1 × 10 10 M −1 · s −1 , one of the highest values found for any SOD, probably due to several combined effects (such as enhanced substrate attraction by the modified electrostatic field distribution, a large solvent-accessible active site, and a specific inter-subunit interaction that may influence the active-site arrangement).
Long-range communication and protein flexibility
Remarkably, it has been observed that the catalytic efficiency of prokaryotic Cu,ZnSOD can be modulated by mutation of residues located at the inter-subunit interface [24] . Such a mutation gives rise to a super-efficient mutant enzyme characterized by a k cat /K m of 1.7 × 10 10 M −1 · s −1 , the highest rate found for any SOD. This suggests the occurrence of an intra-molecular communication between the mutation site and the catalytic centre, which are approx. 18 Å apart, and indicates a new strategy to encode extra efficiency within other members of this enzyme family. The increased catalytic rate was due to increased copper accessibility, which was achieved through increased flexibility of the loops that define the entry of superoxide towards the catalytic copper atom [16] . In fact, the static copper accessibility seen by X-ray diffraction is identical with that of the native enzyme, but a differential dynamic accessibility has been observed by monitoring protein flexibility by molecular dynamics simulations and measurements of the decay phosphorescence time [16] .
The occurrence of long-range communication in SOD between the inter-subunit surface and the active site has been confirmed by a series of experiments showing the importance of the metals in modulating the quaternary structure of the enzyme. In fact, only upon metal depletion was it possible to dissociate the dimer, confirming the occurrence of a communication between the inter-subunit surface and the metal cluster region. In particular, dissociation experiments as a function of pressure indicate that the coppers confer 12.6 kJ/ mol (3 kcal/mol) to dimer stability [32] .
Finally, it is interesting to note that protein flexibility confers not only positive properties such as increased catalytic efficiency, but also decreases protein stability. Limited proteolysis experiments have indicated the occurrence of a preferential proteolytic site in E. coli SOD, located in the S-S subloop. The reason for such a preferential site resides in the enhanced flexibility of this loop, as shown by extensive molecular dynamics simulations [17] . Such experiments show the importance of flexibility for protein proteolysis, and indicate that prokaryotic enzymes are suitable systems to investigate correlations between structure, flexibility and function.
